Background. The vasodilator hydralazine (HYZ) has been used successfully to lower blood pressure (BP) in hypertension. Recently proposed novel mechanisms suggest it may be an important drug in reducing cardiovascular pathology. Methods. The hypothesis was that social stress would increase BP and endocrine factors that lead to increased coronary artery collagen deposition, and that HYZ treatment would reverse these changes. SHR males were compared: controls, colony stress and colony stress with HYZ treatment. Results. BP was significantly elevated in the stress group compared to controls and HYZ reduced the BP compared to controls. Plasma Ang II and T were significantly increased by colony stress compared to controls and HYZ restored both to control values. Collagen deposition in the coronary artery was increased in the colony stress group compared to controls but HYZ treatment restored the collagen to that of control values. Conclusions. HYZ reduced not only BP, but also reduced coronary adventitial collagen. The mechanism of the BP effect is most likely through vasodilation and the collagen reduction may be due to both a direct action of HYZ on collagen synthetic enzymes and indirectly through an effect of testosterone and angiotensin II.
Introduction
Hypertension is a major risk factor for coronary heart disease, and a common cause of stroke, heart failure, and kidney failure. Hypertension is associated with increased peripheral vascular resistance, cardiac output, and decreased blood flow to tissues [1] . It increases shear force that injures the endothelial wall of blood vessels and increases deposition of collagen in myocardium and blood vessels [2] . A widely used animal model of hypertension is the spontaneously hypertensive rat (SHR). Mechanistic studies suggest that the sympathetic nervous system (SNS) is involved in this model of hypertension [3] and chronic elevation of SNS activity leads to increased blood pressure (BP) and organ pathology [4] . Various forms of acute and chronic stress lead to activation of the SNS, elevated BP and renal and cardiovascular injury [5] [6] [7] [8] . Various types of pharmacological treatment successful lower BP but including hydralazine (HYZ), but novel HYZ mechanisms suggest new ways that coronary vessel pathology may be altered.
In the following study, we examined the effects of chronic social stress on plasma testosterone (T), angiotensin II (Ang II), norepinephrine (NE), and BP on morphologic changes in the coronary arteries of male SHR rats. We hypothesized that social stress would increase BP and endocrine factors that lead to increased coronary pathology characterized by collagen deposition and that by lowering the BP with HYZ the endocrine changes, BP and consequent coronary pathology would be reduced to control levels.
Methods

Animals.
The hypertensive SHR strain was acquired from Harlan Sprague Dawley Inc. (Indianapolis, Ind, USA) who obtained the original breeding stocks from the National Institute of Health (NIH). The colony has been bred and maintained in the Biology Resource Center (BRC) at the University of Akron since 1981. All protocols were approved by the IACUC and followed NIH and APS guidelines for animal welfare. Breeding cages were set up for adult SHR rats with one male and three females per cage (51 × 41 × 22 cm). Pups were nursed by their mother and weaned and separated by sex at four weeks of age. Three experimental groups of SHR (6 weeks of age) were used: a control group, a colony stress group and a colony stress group with HYZ treatment. The experimental duration was 8 weeks (6-14 weeks of age). Standard cages (48 × 27 × 20 cm) containing two males each were used for the control group (n = 10). The colony-stress group consisted of 10 male and 10 female rats that were placed in an open field box (1.2 × 1.2 × 0.3 m). On each side of the box two standard rat cages were connected via plastic tubes that permitted direct entry of animals into the large central open field area [9] . Another group was set up as a colony stress and HYZ treatment group with 10 male and 10 female rats. HYZ was administered (Sigma Chemical Co., St. Louis, Mo, USA) (80 mg/L) in the drinking water and all groups were fed standard rat chow (Agway Inc. Country Foods Division, Syracuse, NY, USA). Room temperature of 25 • C-27 • C and a humidity of 40-50% were maintained. All animals were kept on a 12 hour light/dark cycle (6 AM to 6 PM, light/6 PM to 6 AM, dark).
Males in the colony-stress group and the colony-stress HYZ group were exposed to the social stresses of competing for territory, food and water, and females. In addition, social stress was compounded by rotating the outside cages of the open field box clockwise every other day without changing the bedding. By using this method, the territories of the rats continually changed thereby increasing colony stress levels [5] .
Systolic
Blood Pressure Measurement. Systolic blood pressure (SBP) was taken by the tail cuff sphygmomanometry every other week from week 6 to 14 [10] . Each rat was placed in a preheated chamber (40 • C) for about 10 to 15 minutes. The size of the tail cuff used varied with the age of the rats. A total of five SBP measurements were taken for each rat and averaged to give an overall BP per rat. Each measurement was taken on the same day and at the same time (1000-1400 hrs).
Blood Collection.
Blood was collected (13 weeks of age) for plasma norepinephrine (NE), testosterone (T), and angiotensin II (Ang II) analysis. Each rat was anaesthetized with 3% sodium Brevital (Eli Lilly, Indianapolis, IN, 75 mg/Kg, i.p.) and bled by retro-orbital puncture [11] . The samples were centrifuged at 4 • C for ten minutes at 5000 × g's and plasma was stored at −70 • C.
Hormone Measures.
HPLC with electrochemical detection was used to measure plasma NE and adrenal gland NE [12] . Adrenal glands were homogenized in ice cold mobile phase, protein removed, and NE assayed by HPLC [13] . T was analyzed using a coated tube radioimmunoassay (RIA) kit (Bio Rad Laboratories, Hercules, Calif, USA). Tri-level controls were run to verify accuracy. Plasma Ang II levels were measured by Angiotensin II I 125 RIA kit (American Laboratory Products company, Ltd. P.O. Box 451, Windham, NH). Following the two-way ANOVA, t-tests showed that the colony stress group had elevated BP at ages 12 and 14 weeks compared to controls ( * * P < 0.01) and hydralazine reduced the BP at 12 and 14 weeks compared to controls ( * P < 0.05).
Histologic Analysis.
At fifteen weeks of age the rats were terminated, and the hearts and adrenal glands removed, weighed, and the adrenals stored at −70 • C for NE analysis. The left ventricle was fixed in 10% neutral buffered formalin and embedded in paraffin. The sections were sliced at 6 u and mounted on slides coated with 3-aminopropyl-trithoxysilane and stained with sirius red to measure collagen deposition in coronary vessel walls [5, 6] . Micrographs were taken of representative sections from each group (Olympus BX60F-3, Melville, NY, USA) using a digital camera (MTI DC330, Michigan City, Ind, USA) at a magnification of 200x. A scoring technique was used where a score of "zero" was given to a "normal" collagen appearance, a score of +1 = 10%-20% increase in adventitial collagen, +2 = 20%-30% increase, +3 = 30%-40% increase, and a + 4 = 40%-50% increase [6] . This scoring method was based on a previous scoring system used for rat [14] and mouse tissues [15] . Tissues were scored by three individuals who were blind to the treatment group and the final score assigned was the average of the three scores.
Statistics.
A two-way ANOVA with repeated measures for BP (time and treatment variables) was performed followed by Bonferonni's pairwise comparison. For the hormone variables and coronary scoring, Students t-tests were performed. The significance was set at P < 0.05. Figure 2 shows hormone levels at 13 weeks of age. Plasma Ang II and T were significantly increased by colony stress compared to controls (P < 0.05) and HYZ treatment restored both to control values (Figures 2(a) and 2(b)). There were no significant differences in plasma NE levels between groups (Figure 2(c) ). However, adrenal gland NE content was elevated in the colony stress group compared to controls (P < 0.01) and HYZ restored the NE levels to that of controls ( Figure 3 ).
Results
Systolic Blood
Hormone Levels.
Histology.
Sirius red stained the coronary adventitial collagen a red color, and collagen deposition was highest in the colony stress group compared to controls (P < 0.001), but HYZ treatment restored the collagen to that of control values (micrographs Figure 4 ). Figure 5 shows the quantification of this data.
Discussion
Our laboratory and others have shown that the social stress of territorial defense, competition for females, food, and water combined with box rotation raises BP and is accompanied by renal and heart pathology [5, 16, 17] . Even in normotensive WKY rats, chronic social stress of colony interaction caused a significant rise in BP and coronary collagen deposition [5] . HYZ is a vasodilator but is usually not a primary drug to treat hypertension, because it can elevate SNS activity, cause salt retention and elevate plasma renin activity [18] . In the SHR, 5 weeks of HYZ treatment increased left ventricular NE turnover 25% probably as a compensation to the lowered BP, however there was no change in plasma NE [19] . Also, HYZ can increase plasma renin [20] . For instance, in the two kidney-1 clip rat hypertensive model, HYZ lowered BP, but even after 56 days of treatment, plasma renin activity was elevated 100% [21] . HYZ is thought to reduce peripheral resistance directly by relaxing the smooth muscle cell layer in arterial vessels, but other mechanisms also function, such as altered calcium balance in vascular smooth muscle cells that inhibits calcium release from the sarcoplasmic reticulum [22] . This prevents contraction mediated by calcium-dependent ATPases, kinases [23] , or ion channels. Indeed, HYZ interferes with calcium influx and release from the rat tail artery [24] .
Another potential effect of HYZ is on collagen deposition in the heart and blood vessels. In SHR, chronic HYZ treatment for 5-26 months reduced BP and prevented signs of heart failure and reduced left ventricular collagen types I and III [25] . However, others have reported that HYZ did not correct the altered collagen phenotype in SHR after 26 weeks of treatment in spite of BP reduction [26] . This discrepancy may be due to timing issues and reversal of collagen deposition by other factors, such as, the effect of HYZ on the enzyme, collagen prolyl hydroxylase which is implicated in vascular degradation and remodeling associated with angiogenesis [27] . Indeed, HYZ treatment for 5 weeks reduced cardiac collagen in mice deficient in guanylyl cyclase-A [28] .
Potential endocrine mediators for the stress induced rise in BP include chronic elevation in plasma T, Ang II, and NE, all of which are vasoconstrictors. For instance, clinical and animal studies have shown that prolonged SNS stimulation results in hypertension [9, 29] and neonatal chemical sympathectomy decreased BP and coronary pathology in hypertensive rats [4] . In our study, plasma NE was not significantly different at 13 weeks perhaps due to adaptation to the colony stress. This finding is supported by another study in which NE was elevated initially with colony stress but returned to normal with time. Similar results were found in a study using Sprague-Dawley normotensive rats that adapted to chronic stress after eight weeks and exhibited normal urinary norepinephrine and epinephrine levels [30] . In yet another study using SHR, 5 weeks of HYZ treatment increased left ventricular NE turnover 25%, probably as a compensation to the lowered BP; however, there was no change in plasma NE [19] . This is not to say that the catecholamines are not involved in the elevated BP and pathological events, since there is a large volume of research, including our own, that suggests the SNS is an important mediator of hypertension and vascular pathology [1, 4, 9, [14] [15] [16] . Indeed, the adrenal gland NE content was elevated which suggests enhanced chronic SNS activity [13] .
In addition to the direct and indirect effects of HYZ, T influences BP and collagen deposition. The T levels in the colony-stress group increased by 100% over the control group, and HYZ normalized T. The most likely explanation in the colony stress group for the elevated T was the presence of females which stimulates the reproductive axis in the males [31, 32] . Further evidence for elevated T influencing both BP and collagen is that castration significantly reduced (66%) coronary adventitial collagen but T replacement increased the collagen towards control values [6] . Further support for the T hypothesis in accelerating collagen deposition is provided by an elegant, but much older study, by Wexler and Greenberg [8] . They showed that in normotensive male Sprague-Dawley rats there was a significant increase in BP with elevated sex steroids in communal breeders after four breeding cycles (six months) [8] . These animals developed aortic lesions, myocardial fibrosis, hyperactive adrenal glands, and elevated heart enzymes indicating cellular damage. It was speculated that competition for the females increased the stress levels that led to myocardial infarction and, in some cases, sudden death in the males. T levels were not measured, but were most likely elevated due to the breeder environment (males and females) and the fact that testes weight was significantly elevated as it was in our studies [33] [34] [35] . However, in many studies, T levels decrease under stress [36] [37] [38] . For instance, in humans, anticipation of battle or training stressed individuals show a corticosterone rise and a T decrease [39, 40] . Androgens can also interact with the rennin-angiotensin system as shown by a reduction in renin-containing cells in coagulating glands of mice after castration and an increase after T injection [41] .
Not only did T increase with stress, but also plasma Ang II increased 114% over controls and is a known stimulator for vessel collagen deposition [42, 43] . In cultured rat vascular smooth muscle cells, the addition of Ang II increased collagen synthesis in 24 hr, and the time required to reach maximum stimulation was approximately 48 hr [44] . Ang II induced vascular wall thickening by acting directly on smooth muscle cells and enhancing the production of extracellular matrix proteins [44] . Ang II also has a mitogenic effect in mesenteric vessels in spite of HYZ treatment [45] . Not only is the renin angiotensin system involved in vascular collagen deposition but also in hypertensive heart disease. In heart failure, the myocardium of both ventricles is usually involved, irrespective of ventricular loading conditions, which suggests that circulating factors, and not only the hemodynamic load, are responsible for myocardial collagen deposition. In various in vivo models, it has been shown that myocardial fibrosis is associated with activation of circulating or local renin-angiotensinaldosterone systems [43] . Collagen synthesis, showed a significant and dose-dependent increase after incubation with Ang II in cultured adult human cardiac fibroblasts and was significantly decreased by Ang II receptor antagonists [42] .
There is also an interaction between T and Ang II. For instance, previously, we found that in SHR males, following castration, there was a decrease in Ang II which was restored by T replacement [6] . In the present study, the decreased Ang II in the HYZ treatment may be a response to elevated plasma renin which is a compensation for the reduced BP which in turn would elevate plasma Ang II and then by negative feedback reduce Ang II. Chen et al. [46] observed an increase in renal and hepatic angiotensinogen mRNA and plasma renin activity in castrated SHR males receiving T replacement. In contrast, estrogen, downregulated angiotensin converting enzyme (ACE), reduced Ang II and increased the release of the vasorelaxant Ang 1-7 [47] . Although the ACE inhibitor captopril lowered BP in male SHR, there was no subsequent decrease in circulating levels of Ang II [6] . Furthermore, blocking the androgen receptor with Flutamide, significantly attenuated the development of hypertension in female TGR(mREN2)27 rats harboring the mouse Ren-2 renin gene. It also reduced heart hypertrophy and collagen deposition and histological signs of end-organ damage in the kidney [48] .
Conclusion
Colony-induced stress elevated plasma T, Ang II, coronary adventitial collagen, and BP. HYZ not only reduced BP in the SHR stress model of hypertension, but also reduced coronary adventitial collagen. The mechanism of the BP reduction is most likely through vasodilation and the collagen reduction may be due to both direct actions of HYZ on collagen synthetic enzymes as well as action of T and Ang II.
